Expression of a retroviral Gag protein in mammalian cells leads to the assembly of virus particles. In vitro, recombinant Gag proteins are soluble but assemble into virus-like particles (VLPs) upon addition of nucleic acid. We have proposed that Gag undergoes a conformational change when it is at a high local concentration and that this change is an essential prerequisite for particle assembly; perhaps one way that this condition can be fulfilled is by the cooperative binding of Gag molecules to nucleic acid. We have now characterized the assembly in human cells of HIV-1 Gag molecules with a variety of defects, including (i) inability to bind to the plasma membrane, (ii) near-total inability of their capsid domains to engage in dimeric interaction, and (iii) drastically compromised ability to bind RNA. We find that Gag molecules with any one of these defects still retain some ability to assemble into roughly spherical objects with roughly correct radius of curvature. However, combination of any two of the defects completely destroys this capability. The results suggest that these three functions are somewhat redundant with respect to their contribution to particle assembly. We suggest that they are alternative mechanisms for the initial concentration of Gag molecules; under our experimental conditions, any two of the three is sufficient to lead to some semblance of correct assembly.
Expression of a retroviral Gag protein in mammalian cells leads to the assembly of virus particles. In vitro, recombinant Gag proteins are soluble but assemble into virus-like particles (VLPs) upon addition of nucleic acid. We have proposed that Gag undergoes a conformational change when it is at a high local concentration and that this change is an essential prerequisite for particle assembly; perhaps one way that this condition can be fulfilled is by the cooperative binding of Gag molecules to nucleic acid. We have now characterized the assembly in human cells of HIV-1 Gag molecules with a variety of defects, including (i) inability to bind to the plasma membrane, (ii) near-total inability of their capsid domains to engage in dimeric interaction, and (iii) drastically compromised ability to bind RNA. We find that Gag molecules with any one of these defects still retain some ability to assemble into roughly spherical objects with roughly correct radius of curvature. However, combination of any two of the defects completely destroys this capability. The results suggest that these three functions are somewhat redundant with respect to their contribution to particle assembly. We suggest that they are alternative mechanisms for the initial concentration of Gag molecules; under our experimental conditions, any two of the three is sufficient to lead to some semblance of correct assembly.
A ssembly of retroviral particles is mediated by the Gag protein, and expression of this protein in mammalian cells is sufficient for efficient assembly of virus particles in vivo. The molecular mechanisms in particle assembly have also been investigated in purified systems, using recombinant Gag proteins. These studies show that the presence of nucleic acid (NA) is required for Gag to assemble in vitro (4) (5) (6) 17) .
The reason for this NA requirement is not clear. However, chimeric proteins in which the nucleocapsid (NC) domain (the primary RNA-binding domain of the Gag protein) is replaced with a leucine-zipper dimerization domain assemble efficiently in mammalian cells (1, 8, 19, 35) . The resulting particles are morphologically almost indistinguishable from authentic immature particles but contain very little, if any, RNA (8) . These observations raise the possibility that cooperative binding of Gag to NA is a way of juxtaposing Gag molecules and that this initial juxtaposition or oligomerization primes them for assembly (19, 22, 23) . Based in part on these observations, we have recently suggested that oligomerization of Gag is an essential first step in particle assembly. More specifically, we also proposed that the SP1 region of HIV-1 Gag (lying between the NC domain and the capsid [CA] domain) undergoes a conformational change when Gag is at a high local concentration and that this change could lead to the exposure of new interfaces in the CA domain (11) . These interfaces might participate in the Gag-Gag interactions involved in particle formation.
Is NA required for assembly in vivo as it is in vitro? It has been reported that HIV-1 Gag lacking its NC domain can still assemble in mammalian cells (26) , but it is not known whether this protein can still bind RNA, perhaps via its matrix (MA) domain (7, 21, 27, 30) . Alternatively, it is possible that assembly in vivo does not require RNA; perhaps other mechanisms can also fulfill the suggested requirement for a high local Gag concentration preceding particle assembly. The present work explores these possibilities. Our analysis of single and double mutants of HIV-1 Gag protein is consistent with the idea that correct particle assembly requires oligomerization of Gag but that there are several mechanisms for promoting this oligomerization within the cell: our analysis indicates that these mechanisms are, at least in part, redundant with each other, with respect to virus particle assembly.
1:10,000). The cellular ␤-actin protein was detected using a monoclonal antibody produced in mouse (diluted 1:5000; Sigma-Aldrich).
Near-infrared quantitative Western blotting was performed using LI-COR Biosciences reagents as recommended by the manufacturer. IRDye 800CW donkey anti-goat (1:20,000) and IRDye 680LT donkey anti-mouse (1:10,000) were used as secondary antibodies. The Odyssey Imaging system was used to detect and quantify protein bands (LI-COR Biosciences).
Electron microscopy. Cells were prepared for transmission electron microscopy (TEM) as described previously (24) .
Viral and cellular RNA isolation. RNA was isolated from VLP pellets by proteinase K digestion and phenol-chloroform extraction as described previously (32) , as well as from VLP pellets treated with nucleases and subtilisin to reduce contamination by nucleic acids and microvesicles that often copellet with VLPs (a method adapted from Ott et al. [28] ). Specifically, following centrifugation of culture supernatants through a 20% sucrose cushion, pellets containing VLPs were resuspended in 10 mM Tris-HCl (pH 7.4) buffer containing 100 mM NaCl/4 mM MgCl 2 and treated with DNase I (10U/ml supernatant; Fermentas) and RNase cocktail (10 U/ml supernatant; Ambion) for 1.5 h at 37°C. Nuclease activity was quenched by the addition of 20 mM EDTA, and samples were centrifuged again through a 20% sucrose cushion using a SW-41 Ti rotor (Beckman Coulter) at 234,000 ϫ g and 4°C for 1 h. The resulting pellets were treated with subtilisin A (1 mg/ml in 20mMTris [pH 8.0], 1 mMMgCl 2 ; Sigma-Aldrich) at 37°C for 15 h. Subtilisin was inactivated by the addition of 250 g/ml phenylmethanesulfonyl fluoride (Sigma-Aldrich), and reaction samples were centrifuged once more through a 20% sucrose cushion to pellet VLPs. This centrifugation step was performed with a SW-55 Ti rotor (Beckman Coulter) at 303,000 ϫ g and 4°C for 2 h. The resulting pellets are soft and easily dislodged during removal of the supernatant. Nuclease-and subtilisin-treated pellets were then lysed with an SDS-and proteinase K-containing buffer, and RNA from VLPs was isolated by phenol-chloroform extraction as described previously (32) . Viral RNA was quantified using the Ribogreen assay (Quant-iT Ribogreen RNA reagent and kit; Invitrogen).
Cellular RNA was isolated using the Ribopure kit from Ambion according to manufacturer's instructions and quantified by measuring absorbance at 260 nm.
qRT-PCR. Quantitative reverse transcriptase PCR (qRT-PCR) was carried out using the TaqMan RNA-to-C T 1-step kit (Applied Biosystems). Primers and probes, as well as RNA preparation for 18S RNA, 7SL Alu domain, ASB-1, PLEKHB-2, and PGK-1, were as reported by Crist et al. (8) . The S domain of the 7SL RNA was detected using the following primers and probe: 5=-TTCGGCATCAATATGGTGACCTCC-3= (forward primer), 5=-GATCAGCACGGGAGTTTTGACC-3= (reverse primer), and 5=-FAM-AGGTCGGAAACGGAGCAGGTCA-TAMRA-3= (probe).
RESULTS
As discussed above, we have suggested (11) that HIV-1 virus assembly might be triggered by a high local concentration of Gag molecules. At least three mechanisms might contribute to raising the local Gag concentration within the cell to levels sufficient for assembly: first, cooperative binding to RNA, as noted above; second, binding of Gag to the plasma membrane, in essence reducing the space available to Gag from three to two dimensions; and third, direct Gag-Gag association via the dimer interface within the C-terminal domain (CTD) of the CA domain of Gag (12, 15) .
To test the role of each of these factors in virus-like particle (VLP) production, we transiently transfected 293T cells with a plasmid expressing HIV-1 Gag containing mutations affecting each of these functions. The mutants are presented schematically in Fig. 1 . VLP production was assessed by immunoblotting with anti-p24 CA antiserum (see Fig. 2A and B). Assembly efficiency was quantitated as the VLP release rate, i.e., the ratio of Gag in VLPs to Gag in cell lysates, with the cellular value in turn normalized to the actin loading control.
Binding of Gag to RNA is presumably mediated by the nucleocapsid (NC) domain, with a major contribution from the two zinc fingers within this domain (9, 14) . Therefore, we assessed the role of RNA-binding in assembly in vivo using mutants in which zinccoordinating cysteines were replaced with serines or in which the entire NC domain was deleted. As shown in Fig. 2 , the replacement of either the first two or all six cysteines only reduced the VLP release rate from 1.5-to 3-fold; in fact, the deletion of NC had a similar effect.
The effect of ablating the dimer interface in the CA domain, by changing CA Trp184 and Met185 (i.e., residues 316 and 317 of Gag, counting from the initiator methionine) to alanines (called the WM mutant) (12) , is also shown in Fig. 2 . This mutation reduces the particle release rate by approximately 10-fold. Finally, the ability of Gag to bind to the plasma membrane was destroyed by replacing the N-terminal glycine residue, the site of the myristate modification on HIV-1 Gag, with alanine. This change completely prevents the release of detectable levels of VLPs (Fig. 2) (3, 16, 31) .
It seemed possible that the three elements tested here might cooperate with each other to produce high local Gag concentrations within the cell. To explore this possibility, we also tested combinations of the mutations discussed above for their ability to assemble and release particles. The results are also presented in Fig. 2 . We found that combining the WM mutation with the cysteine mutations or the NC deletion had a drastic effect on the release rate, yielding reductions of ϳ25-to 300-fold. This apparent synergy between the dimer interface and RNA-binding elements of Gag suggests that they might play a somewhat redundant role with respect to particle assembly. Not surprisingly, all combinations that included the myristylation-negative G2A mutant failed to release detectable levels of VLPs. Several reports in the literature raise the possibility that Gag can bind RNA via its MA domain, as well as its NC domain (7, 21, 30) . It was therefore of interest to determine whether RNA was present in the VLPs formed by the ⌬NC Gag mutant protein. Figure 3A shows that, under our experimental conditions (transient transfection of 293T cells with a Gag expression plasmid in which the coding region contains silent mutations rendering it Rev independent), the ⌬NC Gag mutant protein produces VLPs at roughly the same level as the wild-type (WT) control. When these VLP pellets were assayed, using the Ribogreen assay, for their total RNA content (Fig. 3B ), they were found to contain very little RNA, although they contained nearly the same amount of Gag protein as the control. We estimate that the pellets contain ϳ1/10 as much RNA as the wild-type control pellets.
It is also known that cellular debris can be present in these pellets (25) ; to eliminate these possible contaminants, we also treated the solubilized pellets with subtilisin (25) and with RNase and DNase. This digestion, which should remove RNAs that are not protected within intact virions, reduced the level of RNA in the pellets to only ϳ4 to 5% of the amount present in the similarly treated wild-type pellets (Fig. 3B) . Thus, little, if any, RNA is evidently packaged in the VLPs formed by the ⌬NC Gag mutant.
As a further test of the presence of RNA in ⌬NC VLPs, we used real-time reverse transcription-PCR to assay for specific RNA species. These RNAs are known to be packaged in VLPs formed by wild-type Gag in the absence of genomic RNA (32) . The extent to which VLP pellets are contaminated by RNAs not contained in VLPs was estimated by characterizing RNAs in pellets obtained from cultures transfected with empty plasmid (mock pellets). A representative experiment from seven different transfections is shown in Fig. 3C . We found that the copy numbers of cellular mRNAs in ⌬NC and mock particles were similar to each other and CA antibody. M, MagicMark XP marker with weights in kDa indicated on the left; 1, mock; 2, the ⌬NC Gag mutant; 3, wild-type Gag. The volume of culture fluid pelleted and loaded in each lane is indicated above the blot. Bound, horseradish peroxidase-tagged secondary antibodies were visualized by chemiluminescence. (B) RNA was isolated from particles containing similar amounts of Gag (as judged by Western blot analysis) and assayed for RNA content using the Ribogreen assay. Pellets of the HIV-1 ⌬NC mutant particles that were not treated with nucleases and subtilisin (Ϫsub) contained ϳ12.4% RNA compared to WT Gag. Particles that were treated with nucleases and subtilisin prior to lysis and RNA isolation (ϩsub) contained ϳ4.5% RNA compared to WT Gag. Mock values were subtracted from both the ⌬NC mutant and WT values to obtain percentage results. (C) qRT-PCR was performed to measure copies of 18S rRNA, 7SL RNA, and mRNA species. A representative panel is shown from assays performed on RNA isolated from one of seven independent transfections (VLPs were not treated with subtilisin in this example). Both the Alu (7S-Alu) and the S domain (7S-S) of 7SL RNA were probed. Arrow indicates the presence of Ͻ10 copies (the detection limit for PGK-1 was 10 copies while that for PLEKHB-2 was 1 copy). always 2 to 4 orders of magnitude lower than the copy numbers in WT Gag particles. As expected, the copy numbers of the mRNA species within the cells were not affected by the transfection of the plasmids (data not shown). The encapsidation efficiency of these mRNAs, i.e., copies/ng RNA in VLPs normalized to copies/ng RNA in cells, did not reveal significant selectivity of the three mRNAs in ⌬NC particles (data not shown). These results, and particularly the similarity of values in mock and ⌬NC particles, indicate that cellular mRNAs do not represent a significant proportion of the small amounts of RNA present in ⌬NC particles.
The lack of cellular mRNAs in ⌬NC particles prompted an examination for rRNA, which is the most abundant RNA in the cell, and 7SL RNA, which is known to be packaged in retrovirus particles (2, 20, 32) . We found that 18S rRNA was present at 10-to 100-fold higher levels in preparations of wild-type particles than in either mock or ⌬NC particles. Mock and ⌬NC levels of 18S rRNA were inconsistent: copy numbers were comparable in some experiments, but ⌬NC levels were 10-to 100-fold higher than mock in others (Fig. 3C and data not shown) . A fragment of 7SL RNA, which encompasses a large portion of the S domain, has been recently reported in ⌬NC particles (18) . We therefore evaluated the presence of both the Alu and S domains of the 7SL RNA. We found that the Alu and the S domain of 7SL RNA are present at higher levels in ⌬NC particles than in mock pellets, but not nearly as high as in wild-type particles. Unlike Keene et al. (20), we did not find that the S domain of 7SL RNA was present at higher levels in ⌬NC particles than the Alu domain. We do not know why the amounts of rRNA and 7SL RNA were higher than those in mock pellets in some, but not all, experiments.
Overall, these results demonstrate that Gag lacking NC can form VLPs and that very little total RNA is present in these particles. Thus, HIV-1 is apparently not totally dependent on RNA for particle formation.
To further explore the roles of plasma membrane association, direct dimerization, and RNA-binding in particle assembly, we also examined the cells expressing mutant Gag proteins by transmission electron microscopy. Figure 4 shows representative images of cells containing the ⌬NC Gag mutant, the WM Gag mutant, or the WM ⌬NC Gag double mutant. Many nearly normallooking VLPs are present in cells expressing the ⌬NC Gag mutant, as originally reported by Ott et al. (26) . The structures formed by the WM Gag mutant are considerably more heterogeneous than those formed by wild-type Gag or the ⌬NC Gag mutant but include some particles that are roughly spherical with approximately the correct radius of curvature (12) . In contrast, when the Gag protein lacks both the dimer interface and its NC domain, no virus-like structures are visible in or near the cells. Rather, the cells contain large sheets and "balloons" of material (noting, of course, that these images show two-dimensional sections of three-dimensional objects). It thus appears that the ability to assemble into particles with the characteristic radius of curvature depends upon the presence of either the dimer interface or the NC domain in the Gag protein. Figure 5 presents a similar analysis in which the NC domain is not completely deleted, but two or all six cysteine residues in the zinc fingers are replaced with serines. Again, the proteins with the mutant NC domains form nearly normal-looking VLPs, but when these defects are combined with the WM mutation, the structures formed are far more heterogeneous and irregularly shaped than with either mutation alone, with abundant balloons.
We also examined cells expressing the G2A Gag, G2A WM Gag, or G2A ⌬NC Gag mutant. We have previously reported that many structures resembling virus particles are present in the cytoplasm of cells expressing the G2A Gag mutant. These structures are approximately the same radius of curvature as authentic virions, although many are incomplete (11) . Images of these particles at two different magnifications are shown in Fig. 6 . It is clear that, under our experimental conditions, the Gag protein does not need to associate with the plasma membrane in order to assemble in a nearly correct fashion. However, these intracellular structures are not seen when the G2A mutation is combined with either the WM mutation or the ⌬NC deletion. Representative images are shown in Fig. 6 . While there are darkly stained sheets and intracellular aggregates, there are no structures with the radius of curvature 
DISCUSSION
We have previously suggested that accumulation of HIV-1 Gag to a high local concentration, and/or oligomerization of Gag, is a prerequisite for its assembly into virus-like particles. Specifically, we found that the conformation of SP1, a short spacer between the CA and NC domains, depends upon its concentration. We proposed that at a high local Gag concentration, this change could occur and be propagated into the CA domain, exposing or activating new interfaces for Gag-Gag interaction, leading to particle assembly (11) .
We now report that three elements within Gag are functionally redundant with respect to particle assembly. That is, ablation of any one of these elements spared, at least partially, the ability of Gag to assemble within human cells into roughly spherical objects with radius of curvature similar to that of authentic, wild-type virus particles. In contrast, Gag molecules bearing defects in any two of these elements were apparently totally unable to assemble with any regular curvature (Fig. 4 to 6 ). The three elements are the myristylation site at the N terminus of Gag, the dimer interface within the C-terminal domain of the CA domain, and the RNAbinding residues within the NC domain. The latter defects included not only mutation of the zinc-coordinating cysteine residues but also deletion of the entire NC domain.
The redundancy of these three elements implies that they all contribute to assembly through some common function or pathway. One obvious possibility is that they all promote the initial oligomerization of Gag, leading to its assembly into particles. Thus, myristylation presumably leads to concentration of Gag on the plasma membrane, RNA-binding is presumably cooperative so that Gag molecules bound to an RNA will be in close proximity, and interactions of Gag molecules via the C-terminal regions of their CA domains lead directly to dimerization (12, 15) . We would suggest that, when one of these elements is removed, the association between Gag molecules is still strong enough to permit formation of spheres (or partially spherical structures) with the correct radius of curvature. The redundant relationship between them was also suggested by quantitative measurements of the release from the cells of Gag protein in large, pelletable structures (Fig. 2B) ; however, these measurements cannot distinguish between Gag protein in structures with the shape of virus particles and Gag protein in amorphous aggregates. Moreover, the mutant Gag proteins lacking the N-terminal myristylation site are not released from the cells and so are not amenable to this experimental approach.
Other explanations of our results are, of course, possible. For example, we have reported that HIV-1 Gag assumes a compact conformation when bound to either nucleic acid or membrane but extends to a rod-like conformation in the presence of both of these ligands (10) . One might then imagine that, in vivo, Gag molecules must interact with each other at a minimum of two points in order to successfully assemble as extended rods, rather than folded molecules (4, 5, 10) . This alternative hypothesis is also completely consistent with the data presented here. Gag interactions with cellular factors could also affect these observations; specifically, the NC domain has also been reported to participate in interactions with cellular proteins leading to release of assembled virions from the host cell (13, 29) .
Our finding of relatively efficient assembly of immature viral particles in vivo by the ⌬NC Gag mutant confirms the prior report of Ott et al. (26) . It was of considerable interest to know whether this represents RNA-independent assembly or whether other regions of Gag can also bind RNA and thus substitute for NC in RNA-dependent assembly. We found that the ⌬NC mutant particles contain ϳ10% or less of the amount of RNA present in wild-type particles (Fig. 3B) . We also tested for 18S rRNA, 7SL RNA, and several mRNA species known to be encapsidated by wild-type Gag if no RNA containing a packaging signal is present in the cells (32) . However, none of these RNAs was present in the ⌬NC mutant particles at significant levels (Fig. 3C) . Thus, the results strongly suggest that the deleted Gag protein assembles in vivo without RNA. We cannot exclude the possibility, however, that the ⌬NC mutant particles contain a low level of some RNA species not tested here; notably, we did not assay for tRNA, one of the major types of RNA within the cell.
It should be noted that other groups have also examined the RNA content of the ⌬NC mutant particles. Ott et al. observed a 2-fold reduction of total RNA in the absence of NC (compared to Ն10-fold in our study) (27) . Keene et al. found that a fragment of 7SL RNA is enriched in ⌬NC particles, but this was not the case in our experiments (20) . These discrepancies may be a result of the use of different expression systems and experimental procedures.
Functional redundancy in HIV-1 assembly has also been observed by other investigators. Ott et al. reported that, while either NC deletion or mutations in the highly basic region of MA are almost inconsequential for assembly, a combination of the two defects abolishes it (27) . Hogue et al. analyzed Gag-Gag interactions in vivo using fluorescence resonance energy transfer microscopy and found that membrane binding and NC-RNA interactions can functionally compensate each other (18) . Our examination of viral particles produced by a wide selection of mutants complements these studies and contributes to a more comprehensive analysis of the assembly process.
It is important to realize that our studies have been performed using transient transfection with Rev-independent Gag (33). This is a Gag gene with a number of silent mutations, enabling its expression in the absence of the viral Rev protein; it can be considered a codon-optimized Gag. Its expression is driven by a cytomegalovirus promoter. For all these reasons, the level of Gag expression in our experiments is significantly higher than in naturally infected cells. As virus particle assembly is enhanced at high Gag concentrations (34) , the results we obtained may not represent what would occur under natural infection conditions. Nevertheless, these experiments show us the assembly capabilities of the mutant Gag proteins and thus help illuminate molecular mechanisms in assembly.
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